field (Kim et al., 2000) . In contrast, disease reactions in the greenhouse or laboratory evaluations are due to anisms (Grau and Bissonette, 1974; Nelson et al., 1991) . cotyledon inoculation was first reported in soybean to field evaluations. In one experiment, stems of two soybean cultivars, (Grau and Bissonette, 1974) and has been used by others
sured pink pigments dissolved in oxalic acid from soyflower.
bean stems after incubation of infected tissue at 20ЊC for 48 h.
Most greenhouse inoculation techniques are destructive to inoculated plants, although several nondestruc-S clerotinia stem rot of soybean is caused by the tive techniques have been used to evaluate resistance fungal pathogen S. sclerotiorum. On soybean, it is in dry bean (Petzoldt and Dickson, 1996) and sunflower a major disease that causes substantial yield losses in (Koehler and Friedt, 1999) to S. sclerotiorum. The objecthe north central states of the USA. (Hartman et al., tive of this study was to compare disease evaluations 1999, p. 46-48) . Varietal differences in resistance to S. of soybean, dry bean, and sunflower inoculated in the sclerotiorum in soybean have been reported from field, greenhouse by the cut stem inoculation method to field greenhouse, and laboratory evaluations (Boland and evaluations. Hall, 1987; Chun et al., 1987; Kim et al., 2000; Nelson et al., 1991) . Under field conditions, reaction of cultivars to S. sclerotiorum is the result of physiological resistance MATERIALS AND METHODS and escape mechanisms (Boland and Hall, 1987) . DisIsolate and Inoculum Preparation ease escape, due in part to open plant architecture and early maturity, caused inconsistent disease ratings in the The S. sclerotiorum isolate 105HT was cultured from a soybean seed originating from Story City, IA, in 1996. The cut from the culture with a 3-mm-diam cork-borer was placed to report factually on available data; however, the USDA neither in the center of a new PDA plate. The fresh culture was guarantees nor warrants the standard of the product, and the use of incubated at 20ЊC for 2 or 3 d in the dark. Three plugs from the name by USDA implies no approval of the product to the exclu-Infested sorghum grain was used for inoculating soybean tal unit consisting of five plants. The experiment was repeated once. plants in the field. Sorghum grain was soaked in water overnight. After removing floating debris and draining the water, grain was rinsed several times. About 4 kg of clean grain was
Post-infection Temperatures
placed in 60-by 90-cm polypropylene bags (Fisher Scientific, Hanover Park, IL) and autoclaved for 1 h. It was then cooled Six-week-old plants (five plants per experimental unit) of at room temperature overnight and autoclaved again the next four soybean cultivars, Williams 82, NKS19-90, A2242, and day. The cooled grain bags were inoculated with 100 g of AG2506, were planted in pots inoculated and incubated for previously infested sorghum grain inoculum which had been 48 h as previously described. After incubation, plants were incubated at 22 Ϯ 1ЊC for a week, shaken daily, and then placed in temperature-controlled growth chambers at 25 and dried at 32ЊC for 2 d. Infested dried grain was ground with a 30 Ϯ 1ЊC under 400 mol m Ϫ2 s Ϫ1 light intensity. Disease Wiley mill using a 3-mm screen, and stored in a cold room development was observed and lesion lengths on the main until needed. stems were measured daily until 14 DAI. The experimental design was a split-plot with three replicated blocks. (Fehr et al., 1971) .
test, seed planting and stem inoculations were performed using For greenhouse inoculations, the main stems of plants were procedures previously described. Inoculated 6-wk-old plants horizontally severed with a sterile razor blade 0.5 cm above were incubated for 48 h at 20ЊC and postincubated at 25 Ϯ either the fourth or fifth node. A single mycelial plug was 1ЊC for disease development. Lesion lengths on diseased stems carefully placed mycelial-side down on the cut stem. Inocuwere measured daily from 7 to 14 DAI. lated plants were incubated in a greenhouse mist chamber with For one field-testing site (named the rain shelter), soybean about 80% relative humidity. The chamber was maintained at seeds were sown with 10 seeds per hill, 20 cm apart in a row, 20 Ϯ 1ЊC and covered with black mesh cloth to reduce light and 75 cm between rows. The experimental design was a intensity to less than 18.4 mol m Ϫ2 s
Ϫ1
. After 2 d, infected RCB with three replications. For the other field test (disease plants were transferred to another greenhouse room at 25 Ϯ nursery), soybean seeds were sown in 4-row plots (2.4 m length 1ЊC with the same photoperiod and light intensity as before and 75-cm row spacing) with the two center rows used for inoculation. Lesion length (cm) on each plant was measured data collection. Plants were inoculated as described in the first daily until 14 DAI.
field test and plants were misted with a sprinkler irrigation Soybean plants were inoculated in the field at the R1 growth system. The inoculation was repeated three times. The experistage (Fehr et al., 1971) by broadcasting the infested ground mental design was a RCB with two replications. Plants at sorghum grain on stems and branches. Inoculated plants were approximately the R1 growth stage (Fehr et al., 1971) were immediately mist-irrigated for several days. The inoculation dusted with infested sorghum grains. Plants were misted for was repeated three times at weekly intervals to ensure successful infection. At harvest maturity (growth stage R8), disease Table 1 . Lesion length and disease severity of 15 soybean cultivars severity was evaluated using a DSI where 0 ϭ no symptoms, was measured daily until 14 DAI. Sclerotia that formed in plant age) with three replications. Each pot was an experimen- Post-infection was performed at 25 Ϯ 1ЊC as earlier described. Disease was allowed to develop and lesion lengths (cm) were † Mean lesion length was measured on diseased main stems at 14 DAI measured daily until 14 DAI. The experimental design was a over two runs.
RCB with three replications and the experiments, dry bean ‡ Great Northern and NG 8025 were not used in three state multi-locaand sunflower, were each repeated once.
tion tests.
For dry bean field tests, each entry was grown in 2-row § Market class, not a cultivar.
plots (4.6 m long) adjacent to one row of a common susceptible genotype. There were three replicated plots for each entry rot. Incidence was the average number of plants infected with arranged in a randomized complete block design. Experiments the fungus per 10 plants. Severity was based on the following were conducted in Michigan, Washington, and Wisconsin. Because of the differences in disease assessments between locascale: 0 ϭ no symptoms, 1 ϭ mycelium growing in the floral tions, the entries were ranked from most resistant (1) to most parts, 2 ϭ first tan spots appearing on the dorsal surface, 3 ϭ susceptible (12) in each test. A Spearman's rank correlation more and larger tan spots, 4 ϭ severe damage to the head, was used to compare entry ranking. Part of the data from and 5 ϭ head completely destroyed. these tests was previously published (Steadman et al., 2001) .
For the sunflower field evaluation, 14 sunflower hybrids
Statistical Analysis
were planted in a RCB design with three replications. Hybrid-9 was considered to be the susceptible check with no definite Statistical analysis was performed by PROC GLM (SAS hybrid as the resistant check. Plots were 6-m-long single rows Release Version 8.0, SAS Institute, Cary, NC) with linear with 0.75 m between rows. Plants within rows were thinned models appropriate for experimental designs in each experito 50 000 plants ha Ϫ1 . Ten plants per plot were selected for ment. Those inoculated plants that did not show symptoms inoculation when pollen shed had begun in the outer ring of and the controls in greenhouse tests were not included in the disk flowers. Five mL of a suspension containing 5000 ascoanalysis. FLSD was used to determine significant (P ϭ 0.05) spores/mL were sprayed on each head. A misting system was differences among mean values. Correlation analysis was used used to apply moisture to heads after inoculation, with the to determine the relationship between the disease response plots misted 3 min every half hour for 35 d. After 35 d, plants were evaluated for incidence and severity of Sclerotinia head of entries evaluated under greenhouse and field conditions. 
RESULTS

Greenhouse and Field Evaluations of 15 Soybean Cultivars Plant Age
There were significant (P Ͻ 0.05) differences among Of 270 soybean plants inoculated, 98% showed typical soybean cultivars evaluated in both greenhouse and field symptoms of Sclerotinia stem rot with a bleached white evaluations (Table 1 ). In the greenhouse test, lesion segment clearly visible on the main stem. Lesion lengths lengths (cm) at 14 DAI varied from 9.1 cm for NKS19-90 were 2 to 3 cm long 3 DAI, developing from the point (partially resistant check) to 12.8 cm for A2242 (suscepof inoculation downward. When the margin of lesion tible check). In the rain shelter evaluation, DSI among reached a node, leaves wilted and died the next day.
cultivars ranged from 13 to 70. These indices of 'Corsoy The cultivar ϫ plant age interaction was not signifi-79' and 'Hardin' were not significantly different from cant. With respect to plant age within each cultivar there NKS19-90, which had a DSI of 19. The susceptible were no differences between 6-(V6) and 7-wk-old (V7) check, A2242, had the highest DSI of 69. In the disease plants for stem lesion lengths at any disease rating time, nursery, DSI among cultivars ranged from 41 to 76. The but there was significant difference when 5 wk old plants cultivars Corsoy 79 and Hardin were lowest, both with were compared to older inoculated plants (Fig. 1) . At a DSI of 41, while the DSI for NKS19-90 was 55. The the end of the experiment, 14 DAI, mean lesion lengths DSI of the susceptible check, A2242, was 65. combined over the 6-and 7-wk-old plants were 10.2 and Coefficients of correlation between lesion length 14.8 cm long in NKS19-90 and Williams 82, respectively. measured from 7 to 14 DAI in the greenhouse test and There were significantly more sclerotia formed inside DSI from the field varied from 0.47 to 0.80 (Table 4) . diseased stems of Williams 82 (4.5 per plant) than in At 14 DAI, the correlations between lesion length and NKS19-90 (1.2 per plant) averaged over the three differ-DSI in the rain shelter and disease nursery were 0.78 ent plant ages. and 0.65, respectively. The correlation coefficient for the two field evaluations was 0.67 (P Ͻ 0.01).
Effects of Post-Infection Temperatures Evaluation of Resistance in Dry
There were no interactions of post-incubation tem-
Bean and Sunflower Entries
perature ϫ cultivars. In the first 4 DAI, there were no significant differences in lesion development under the Of 250 dry bean and sunflower plants inoculated, two temperatures. However, from 5 DAI onward, disover 98% showed disease symptoms. Infected plants ease lesions were larger at 25ЊC than at 30ЊC, and the had water-soaked stem lesions. During the early period differences remained significant for all cultivars through of post-infection, lesions developed relatively slowly. 14 DAI. Lesion lengths of all cultivars at 30ЊC were Differentiation among entries was recorded at 14 DAI. similar, 3.0 cm at 3 DAI and 4.0 cm at 14 DAI; while For dry bean plants in the greenhouse, lesion developlesion lengths at 25ЊC increased from 3.0 cm at 3 DAI ment was slower than that observed in soybean. At 14 to 12.7 cm at 14 DAI with NKS19-90 having significantly DAI, the dry bean cultivars, MO 162, L 192, and G 122 smaller lesions than the other three cultivars by as early ( Table 2) had lesions of 2.3, 3.0, and 3.3 cm, respectively. The cultivar PC-50, a resistant check, had a lesion length as 4 DAI (Fig. 2) . of 4.2 cm, which was significantly less than ND 89-151-lengths tended to decrease in older plants. In contrast, the lesion lengths of 6-and 7-wk-old plants were signifi-46-02 and Beryl. In field evaluations, there were significant differences among genotypes ( Table 2 ). The culticantly greater than 5-wk-old plants in our study. Moreover, there were no differences in lesion lengths between vars B7354 and I9365-25 had the lowest disease ratings, but L192 and MO 162, G122, PC-50 and NY6020-5 also 6-and 7-wk-old plants. Although statistically significant differences were observed, disease progression manihad significantly less disease than the susceptible control Beryl. The correlation coefficient (r ϭ 0.74) of lesion fested the same pattern in both cultivars at different plant ages throughout the period of study. Also, the length measured in the greenhouse and field ranking was highly significant. plant stage ϫ cultivar interaction was not significant. These results indicated that plant age did not affect Lesions on sunflower plants in the greenhouse developed faster than in dry beans. Lesion lengths were longer the disease response and the differentiation between susceptible or resistant genotypes. and ranged from 8.1 cm for Hybrid-1 to 14.9 cm for Hybrid-5 (Table 3 ). There were significant differences In a preliminary experiment, we investigated temperature effects on the growth of the 105HT isolate on among hybrids for lesion development. In the field, hybrid-1 had the lowest incidence and severity, 0.67 and PDA and found that the fungus grew slowly at 15ЊC, very fast at 20 and 25ЊC, and was suppressed at 30ЊC 0.20, respectively, and had the lowest lesion length in the greenhouse (Table 3 ). There was no correlation (data not shown). The results on plants in the present study were similar in that lesions developed at 25ЊC and of lesion length measured in the greenhouse and field incidence, and a significant but low correlation (r ϭ were suppressed at 30ЊC. These findings agree with a previous study (Chun et al., 1987) , in which excised 0.50) between lesion length and field severity. Moreover, a nondestructive approach may be useful in ** Significant at the 0.01 level of probability.
genetic studies and breeding programs where progeny ns: not significant tests to measure seed productivity are often required. † Lesion length (cm) was measured on diseased main stems at 7, 9, 11, 13, and 14 DAI. Chun et al. (1987) studied effects of plant age on ‡ A disease severity index (DSI) ranging from 0 to 100 was calculated for lesion development of excised stems from 3-to 7-wk-old soybean plants of Corsoy and concluded that lesion stems incubated at 30ЊC had significantly shorter lesions tative measurements. These quantitative measurements reflected the nature of multigenic inheritance of resisthan those incubated at 20 or 25ЊC. Temperature plays an important role in infection and symptom developtance to S. sclerotiorum (Vuong et al., 2001) . Therefore, the technique may be highly suitable for evaluating rement, and this may explain why Sclerotinia stem rot of soybean is less severe in the southern versus the northsistance of small plant populations in genetic studies. Third, though upper stems were severed for inoculation ern soybean production region.
Correlations of Sclerotinia stem rot ratings in soybean and stem segments invaded, removal of the diseased segments allowed branches from lower stems to grow between the greenhouse, laboratory and field tests have been reported (Chun et al., 1987; Kim et al., 2000; Nel- and the plants to produce seeds. Because individual plants with disease resistance can be saved for seed son et al., 1991) , and some of these results indicate that there is a low correlation or inconsistency among the production, the technique may prove useful for crop breeding programs requiring offspring generation for tests. The combined factors of physiological resistance, pathogen distribution, and escape mechanisms are improgeny tests. Recently, Kull et al. (2003) used three inoculation portant in field ratings (Boland and Hall, 1987) . For instance, plant height, date of flowering, and maturity methods (detached leaf, cotyledon, and cut stem) and six isolates of S. sclerotiorum to compare the response of data were significantly correlated with levels of resistance to S. sclerotiorum in soybean (Boland and Hall, dry beans and soybean under controlled environments. Using several statistical procedures, these authors con-1987; Kim and Diers, 2000) , but these factors were not significantly correlated with DSI in another field test cluded that the cut stem inoculation method was statistically better than the other two methods for evaluating (Kim et al., 2000) . Furthermore, relatively large error variances (Kim et al., 2000) in field tests occur, whereas resistance in soybean and dry bean cultivars. The cut stem technique was used to identify two soybean plant coefficients of variance (CV) of most of our experiments in the greenhouse were less than 10%.
introductions, PI194634 and PI194639, which expressed greater levels of resistance to S. sclerotiorum than the In a previous study of dry bean (Petzoldt and Dickson, 1996) , a drinking straw containing a mycelial plug was partially resistant soybean cultivar NKS19-90 (Vuong and Hartman, 2002) . Additional research is needed to placed over the cut stem to inoculate dry bean, and disease severity was rated on a 1-to-9 scale. In our study, determine if this cut stem technique could also be useful for other crops like canola (Brassica napus L. and B. plants were inoculated with a single mycelial plug and quantitative measurements were recorded. Disease rerapa L.) and potato (Solanum tuberosum L.). actions of dry bean entries were differentiated according to higher levels of resistance, such as MO 162, L 192,  
